commonly used in cultivated silk fibres in different cultures around the world, as in Asia and along the Silk Road, the Classical World, Egypt, Byzantium and later European civilizations (Scott 1993) .
It is no surprise therefore, that silk textiles can be found in historic textile collections in museums all over the world. The problem that all these places are facing is the protection of historic silks from a very dangerous enemy, light. Silk is considered to be the most susceptible fibre to photodegradation (Becker et al. 1989; Harris 1984; Timar-Balazsy and Eastop 1998) , the deterioration caused by any form of light, which leads to discoloration and weakening of the fibres and, of course, fading of the dyes.
Light and its properties
The sunlight reaching the earth consists of a continuous spectrum of radiant energy. The sun emits radiation of all wavelengths from x-rays (<300nm) to infrared radiation (>700nm), but fortunately the earth's atmosphere is almost completely opaque to radiation below 284-300nm. Of all the radiation emitted, the largest proportion (about 45%) lies between 400-700nm and is visible to the human eye, as visible white light. Radiation above 700nm is invisible to the eye and is the infrared region of the spectrum. It is also referred to as radiant heat as the rays found in this region have a tendency to warm whatever they irradiate.
The shorter wavelengths of the solar spectrum, between 300-400nm are also invisible to the human eye, and they are called ultraviolet light (UV). This ultraviolet light, which represents only 5% of the sun's electromagnetic radiation, is believed to be the most destructive portion of the solar radiation to all organic materials (Coleman and Reacock 1958; Brill 1980; Mills and White 1987; Nicholson 1991; Feller 1994; Timar-Balazsy and Eastop 1998) .
Light consists of photons (bundles of energy) having wave characteristics. The photons with the shortest wavelengths have the most energy and they are found in the ultraviolet region of the spectrum. When a molecule of a polymer material absorbs ultraviolet light, the energy of the absorbed photon is conveyed to the absorbing molecule. If the amount of energy absorbed by the molecule is greater than the energies of the bonds present in its chain, these bonds will be broken, and the polymer damaged (Brill 1980; Mills and White 1987; Nicholson 1991; Feller 1994; Timar-Balazsy and Eastop 1998) . In the following tables (Tables 1 and 2 ) the different wavelengths of the solar radiation, including the energy content of the ultraviolet light, are given together with the bond energy of the bonds usually found in organic compounds. It can be noticed that ultraviolet light has more than enough energy to break any polymer chain.
The breaking of the polymer chains can be described as photodegradation and can be explained in the following way. Every polymer has some light-absorbing groups of molecules, which absorb photons from light radiation; these groups are then raised to a higher energy level, referred to as an 'excited state'. The polymer molecule can discard the excitation energy in several ways that can be harmless, for instance by releasing energy as heat or by re-emitting light by fluorescence or phosphorescence.
However some energy will be kept in the molecule, and will cause degradation. Although the number of excited molecules undergoing degradation is very small, solar ultraviolet light is capable of breaking a significant number of molecular bonds over the course of a year's exposure. 
Photodegradation of silk
Silk fibre is considered to have the lowest resistance of all fibres to degradation from ultraviolet light. Radiation of a quite wide range of the spectrum of ultraviolet and sometimes higher visible light, can cause photodegradation of silk fibres (Harris 1984) . It has also been noted that the lightfastness of a fibre is proportional to its diameter. The larger the diameter of the fibre, the better its resistance to photodegradation, as less radiation penetrates into the interior. It follows that one of the reasons that silk is the most fragile fibre under light exposure is the fact that it is the finest natural fibre.
As mentioned above, ultraviolet radiation is capable of breaking molecular bonds, when absorbed by the components of the fibres, causing what is known as photolysis.
If the molecules of the fibres contain weak covalent bonds, visible light may also cause photolysis. Photodegradation starts with photolysis where an atom is separated leaving a very active radical. This radical reacts with atmospheric oxygen, which produces a polymer peroxide radical. This process is called photo-oxidation.
The poor-light fastness of silk can largely be explained by the presence of the amino acids phenylalanine, tryptophan and tyrosine in its composition. These amino acids have the tendency to absorb electromagnetic radiation and experience photooxidation easily. The degradation products of these reactions are chromophoric groups, resulting in the discoloration of the fibres. A number of photochemical reactions can occur between these oxidation products and the activated molecules of the amino acids present on the silk fibroin. These can involve the rupture of peptide bonds, hydrolysis (with the presence of high moisture in the fibre), or the introduction of cross-links in the polymer chain which result in a less elastic product.
The pH of the solutions used to treat silk during manufacturing processes is an important factor in the light stability of silk fibres. Silk is less resistant to light damage between pH6 and pH8. It has also been reported that silk shows its maximum light fastness at pH10 (Harris 1984; Timar-Balazsy and Eastop 1998 ).
An example of this is the finishing treatment of 'weighting' on silk that has been commonly used for the last 300 years throughout the world (Bogle 1979; Miller and Reagan 1989) . The weighting process includes the application of 30-300% solutions of inorganic salts of aluminium, iron, lead, tin, or zinc to the fabric in order to increase the body and weight. This was performed primarily to increase the value of the fabric, as it was sold by weight and not by length. These weighting compounds are highly acidic, lowering the pH of the solution below 3. Accordingly, it is obvious that weighted silks are more susceptible to photodegradation. The damage caused by strong acids to silk fibres is quite severe, and it has been shown that the effects of weighting on silk are much more deleterious under exposure to light than in darkness (Becker et al. 1987 ).
The effect of light on dyes
Natural dyes are organic polymers and their photodegradation reactions generally follow the same steps as fibres. By photodegradation of dyes, one usually means the fading of the dyes, which is the visual result of all the photochemical reactions that act in accordance and interference.
As dyes are coloured materials, they absorb certain wavelengths of the visible spectrum, and reflect those that can be seen as their colour. For example a red dyestuff reflects the wavelengths which represent the red part of the spectrum (610-700nm), whereas it absorbs all the rest.
With the absorption of electromagnetic radiation, a dye molecule is enhanced to an excited state. To return to its normal state, the dye molecule must dissipate the extra energy as heat or lower-energy radiation (fluorescence). This is what happens in the most light-fast dyes, whereas the majority of dyes, in their excited state and having major kinetic energy, undergo several photochemical reactions.
Although visible light does not have enough energy to break molecular bonds within the dye, ultraviolet radiation is often absorbed by the dye molecules. UV, as mentioned before, has more than enough energy to break certain bonds in the dye polymer chain, and this process is known as photolysis. If, during photolytic action, a chromophoric group of the dye is broken, there is a change in colour. The two separated particles have different colours, usually lighter ones which result in the fading of the dyed textile.
Photo-oxidation is the next step in photodegradation reactions in the case of dyes, as in fibres. The reaction with oxygen transforms parts of the chromophoric systems on the dye molecule into non-chromophoric groups. This results in the production of a lighter colour and thus a faded dye. The presence of high humidity accelerates the fading effect, as the atmospheric oxygen and moisture produce hydrogen peroxide. Hydrogen peroxide is an oxidizing bleaching agent.
There are a series of other reactions that can take place while the excited dye molecules try to dissipate their energy. These are dependant on the environmental conditions as well as the substrate, in this case the fibres. As the fibres themselves can absorb electromagnetic radiation, they can be photodegraded, giving degradation products ready to react with the dye molecules, and vice versa. These reactions are called phototendering and photosensitization and add a further dimension to the damaging effect of light on textile materials (Brill 1980; Mills and White 1987; Van Beek 1966) .
Light Stabilizers
Having outlined the mechanisms of photodegradation, it is apparent that to achieve any form of photostabilization of historic textiles and dyes, the retardation or elimination of some photochemical reactions is desirable. A number of approaches to the photostabilization of polymers have been reported over the years (Bourdeau 1988; Carison and Whiles 1975; Coleman and Peacock 1958; Gantz and Sumner 1957; Kuramoto 1990; Lappin 1971; Randy and Rabek 1975; Shlyapintokh 1981; Tsatsaroni et al. 1998 ), all using materials called photodegradation inhibitors, photostabilizers, UV stabilizers or light stabilizers. Whatever the name of these materials, their action is focused on the termination or elimination of the effects of UV radiation on polymers, as the most destructive part of solar radiation. Some research has been done on using photostabilizers to prevent the fading of primarily synthetic dyes and colourants (Kehayoglou et al. 1997; Kitao 1991; Kuramoto 1990; Tsatsaroni et al. 1998 ). There have also been attempts to photostabilize natural organic materials such as wood (Williams 1983) , and of course textile fibres such as cotton, silk and especially wool (Becker et al. 1989; Carr et al. 1985; Cegarra and Ribe 1972; Evans and Waters 1981; Head and Lund 1969; Leaver 1982; Reinert and Thommen 1991; Riedel and Hocker 1996; Walden and Moore 1961; Waters and Evans 1983; Waters and Evans 1980) . All of these studies, however, have concentrated on the production of new, extremely light-fast fabrics to prevent the yellowing of the fibres and the fading of synthetic dyes, and have not addressed the issue of historic textiles.
Photodegradation inhibitors can be classified into three major groups, according to their mechanism of polymer photostabilization. These are the ultraviolet absorbers, the antioxidants and the excited state quenchers.
Ultraviolet absorbers, as their name indicates, are materials that absorb highly in the ultraviolet region of the spectrum. Their effectiveness is based on the blocking of ultraviolet light before it reaches the polymer; hence they are also called screening agents. Since the UV absorbers must be colourless, they should not absorb in the visible region, but must have a high absorption at 290 to 400nm, the ultraviolet section of the spectrum (Lappin 1971 ).
There are many organic materials that may absorb in the ultraviolet region, but not all of them can act as UV stabilizers. An effective stabilizer, when irradiated and photoexcited, must have the ability to return to its ground state by disposing the excitation energy as heat. If the excited molecules of the stabilizer are capable of returning to the unexcited ground state very quickly, with the loss of heat energy, no photochemical reactions can occur.
Although there is no commercial absorber that has all of the above ideal characteristics, there are some commercial materials that perform quite satisfactorily in increasing the light-fastness of polymers.
The second, very important class of light stabilizers, the antioxidants, act in three different ways, according to their composition. As the name indicates, their photostabilization mechanisms are based on the elimination of photo-oxidation reactions. The first general mechanism, by which the antioxidants perform their stabilizing function, is as reactants with peroxide radicals. They compete with the polymer, in reacting with peroxide radicals, and in doing so prevent the photooxidation of the polymer caused by the reaction with peroxide radicals. Another mechanism by which the antioxidants work to stabilize polymers against photooxidation is 'radical trapping'. These materials trap alkyl and peroxide radicals without leaving the polymer to go through the propagation step of the photodegradation. A final way by which antioxidants act to stabilize polymers is through the decomposition of peroxides. The hydroperoxide groups in the photoexcited polymer undergo fragmentation during photodegradation reactions. Using antioxidants, this action is prevented as the peroxides are decomposed in a different way by the additive (Allen 1981; Becker et al. 1989; Nicholson 1991; Rytz et al. 1994) The last category of photostabilizers, the excited state quenchers, deals with the photo-excited molecules of the polymers themselves. If the excitation energy of the irradiated polymer molecules can be transferred to the additive before any photochemical reactions can occur, the photostabilization of the polymer will be successful. The purpose of an excited state quencher is to receive the excitation energy of the polymer molecules and dissipate it harmlessly as heat. Transfer of excitation energy can happen through collision of the polymer and quencher molecules (Lappin 1971) . The success of the quenching procedure is dependant, therefore, on the collision of the polymer and stabilizer molecules. This will happen if the excited state of the polymer molecule is prolonged for a period. Unfortunately this does not happen with all types of polymers and the quenching mechanism is thus not always successful. It is also known that the concentration of the quencher must be comparable to that of the polymer in order to produce the necessary collision of the molecules (Lappin 1971; Randy and Rabek 1975) . This is a disadvantage of this type of stabilizers.
Suitability for use on historic silks
In order for a stabilizing agent to be suitable for application to historic textile materials, it must be colourless, meaning that it should transmit all radiation of the visible region of the spectrum, which effectively makes it transparent. It must not affect the colour or the texture of the substrate, or interact with the textile material in any harmful way. As Lappin (1971: 129) states "An effective stabilizer, must dispose of its excitation energy without interacting with the polymer in harmful ways and without undergoing any photochemical reaction which would destroy its effectiveness".
An important factor in the use of stabilizers in textile conservation is the method of application. The materials should be soluble in acceptable solvents for textile conservation, as used in other procedures like dry cleaning, whilst also not affecting the fibres or dyes. At the same time, the stabilizers must not interact with the solvent and must remain unchanged, in order to maintain their stabilizing characteristics. The pH of the solution must also be considered, as acidic solutions will cause irreversible damage to fibres (Landi 1985; Timar-Balasky and Eastop 1998) .
Reversibility is also an important ethical issue in conservation and stabilizers must be easily removable from the textile, using simple, non-destructive, cleaning techniques. This is because any new material added to historic or archaeological objects may inhibit future analytical work, or cause problems if a new treatment is discovered which needs to be applied. That is why "a treatment must always be designed as a complete cycle of application, ageing and removal" (Horie 1987: 8) .
Materials and methods used
In order to investigate the suitability of different photo-stabilizers for historic textile conservation, a number of experiments have been conducted by the author.
The silk fabric used for the experimental procedure was selected from the collection of Whaleys (Bradford) Ltd. (who produce 100% silk for dyeing and printing), and is referred to as Habotai silk medium (S14). The fabric was made from cultivated Bombyx mori silk fibres with no dyes or finishes and was prepared with alum (aluminium sulfate) mordant prior to dyeing. Two different dyestuffs, madder and brazilwood, were applied with traditional dyeing techniques which involve the immersion of the fabric in a boiling solution of the dyestuffs in water. The selection of these two dyestuffs was based on their extensive use in museum textiles and their varying lightfastness. Madder dye is one of the most widely used dyestuffs because of its ease of application, its availability and its high light-fastness. Brazilwood gives an intense bright red colour on silk and it is also easily available, also being known as "redwood". Its light-fastness, on the other hand, is considered low, and it was therefore chosen for comparison with madder dye.
The stabilizing agents used were selected according to the recommendations of other researchers, being known to perform efficiently in treatments on polymer materials, plastics, synthetic dyes and wool fibres (Lappin 1971; Becker 1989; Jinjin and Griffiths 1990; Mason 1991; Riedel and Hocker 1996; Kehayoglou et al. 1996) . The selection was also based on the commercial availability of the compounds, and their colour, toxicity, solubility and application methods. An attempt was made to select stabilizers from all the major categories, with different chemical structures. The materials selected are listed in Table 3 .
The method selected for the application of stabilizers onto the newly prepared samples was the immersion of each sample into the stabilizing solution. This is an
A Thermohygrometer recorded the environmental conditions during exposure. The samples were allowed to have regular intervals of darkness, every twenty-four hours, in order to regain their moisture content (the lamp used raised the temperature of the samples during exposure and therefore lowered the humidity). The colour difference produced in the samples was recorded every day, in comparison to the Grey scale and the reference Blue Wool Standards. The samples were exposed until the most resistant sample had reached Grey scale grade 3, following the (6.2.3.4) method of the BS 1006: 1990.
After exposure, the fading of the dyes on the treated and non-treated samples was evaluated by colorimetric measurements with a Minolta Chromameter. The evaluation was conducted by calculating the magnitude of the colour difference (∆E) between the treated and untreated samples in the exposed and unexposed areas. The ∆E is calculated by the three coordinates L, a, b which are used in the CIELAB colour system to describe any colour, and which can be measured by a colorimeter. The ∆L, ∆a and ∆b values represent the difference between the L, a and b values before and after treatment and the magnitude of the colour difference is given by the equation: ∆E =√(∆a)² + (∆b)² + (∆L)²
Results and Conclusions
The colorimetric measurements after exposure of the treated samples, in comparison to the non-treated (Blank) sample are shown on the charts in Figures 1 and 2 . The height of each column shows the rate of the fading of the dye, in the Blank sample first, followed by the treated samples. The higher the column, the bigger the colour difference, and thus the more faded the dye.
In both cases there are some promising results as the light-fastness on some treated samples is increased to a very satisfactory level in some cases. As mentioned above, two dyes were used on the same type of silk fibres, one very sensitive to photodegradation and the second more light-fast. In the case of brazilwood-dyed fabric, some increase of the lightfastness is noticed after treatment with the stabilizers A, B and E, with the maximum increase of 20% showed by B. The stabilizers C and D, on the other hand, appear to cause photosensitization rather than photoprotection of the silk textiles as they decrease the lightfastness by about 2-5%.
In the case of the madder-dyed silk samples, the results are rather impressive. All of the stabilizers seem to prevent fading of the dye to a considerable degree. An increase of 63% can be achived using the agent D, while A also showed an significant increase of 50%.
From these results it can be concluded that the prospects of using light-stabilizing agents in textile conservation are promising. The materials do not affect the fibres or the dyes, or the appearance or texture of the silk after application. Some of them proved to increase the light-fastness of the samples after exposure to electromagnetic radiation with two different dyes, one sensitive and one resistant. It should be noted however that the stabilizer D, which shows the better performance on madder-dyed silks, also had the most negative results on brazilwood. This raises the possibility that different stabilizers would have to be used on differently-dyed silks.
More research is in progress on this new conservation treatment, using more dyes and dye-combinations, such as are more likely to be found in historic textiles. Furthermore, other stabilizing agents are undergoing testing together with other methods of treatment and varying concentrations, while the reversibility of the materials used is also under evaluation. Finally, study of the effects on the tensile properties of fibres will show the ability of light stabilizers to prevent fibre deterioration.
